Abstract -The rear contact pattern design of IBC cells plays an important role in achieving high cell efficiency. It necessitates a trade-off between a reduction of the internal recombination losses by using fine geometries of pitch and contact size, and a reduction of the series resistance losses by using large metal coverage and contact area ratio. In this paper, the rear contact pattern is optimized based on characterization and simulation techniques. From this optimization, IBC cells were fabricated on 6 inch pseudo-square n-type wafers with a champion cell demonstrating an efficiency of 23.5%, which is the highest totalarea efficiency reported to date for a 6 inch IBC cell. Compared to our previous design, an absolute 0.5% efficiency gain has been achieved.
I. INTRODUCTION
The Interdigitated-Back-Contact (IBC) solar cell is one of the most promising types of high efficiency solar cell, which recently became suitable for industrial mass production. SunPower recently reported a cell efficiency of 25.2% (total area of 153.49 cm 2 ) [1] . Sharp [2] and Panasonic [3] combined the technologies of IBC and HJ (silicon-heterojunction), reporting efficiencies of 25.1% and 25.6% respectively. However, the cost of manufacturing IBC cells and the levelized cost of electricity still need to be reduced compared to conventional solar cell. To reduce the cost of manufacturing, IBC cells have been developed at Trina Solar using only conventional industrial low-cost technologies such as tube diffusion and screen printing. In 2014, the resulted IBC cells produced in an industrial pilot line demonstrated an independently confirmed efficiency of 22.9% [4] . To further improve the cell efficiency, a better process control and a detailed optimization of the cell design are required. To increase the IBC cell efficiency, the size of the unit cell should be reduced to decrease the internal series resistance; the size of the Back Surface Field (BSF) should be reduced to decrease the "electronic shading" losses; and the contact area ratio design should balance the recombination losses and the series resistance losses. When making such a delicate trade-off by reducing the unit cell size and contact size, it must be remembered that this optimization is limited by the patterning, contact formation and metallization technologies. In this work, particular attention is paid to properly characterizing metal contacts by extracting the emitter and BSF saturation current, J 0 ; and measuring the contact resistivity, ρ c . The optimization of the IBC cell design is completed through 3D numerical simulation and power-loss analysis. A 23.6% efficient IBC solar cell is simulated. Following this optimization, an experimental 23.5% efficiency has been achieved on a large area (156 x 156 mm) IBC solar cell. The measurement of the real J 0 on contacts is difficult as the perimeter effect around contacts plays an important role. It is not sufficient to measure the J 0 of a large unpassivated area.
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The J 0 must be measured on structures with the same contact dimensions as the relevant cell. For example, when using the QSSPC technique, the J 0 of an area with large contacts could be different than that with small contacts; The J 0 _contact values are extracted from samples with known J 0 _passivated and contact area ratios. A least square fit of all contact ratios enhances the reliability of the extracted J 0 _contact.
Fig. 3:
The contact pattern for contact resistivity extraction
As shown in Fig.1 , n-type CZ wafers received boron and phosphorus diffusion respectively; then they were passivated with a dielectric film on both sides. Each 6 inch wafer contains four different areas with contact ratio varying from 5% to 35% by varying the contact pitch but keeping the same contact size. The measured J 0 _total value is a sum of J 0 _passivated and J 0 _contact, weighted by contact ratio. Different J 0 _total values for each contact ratio are shown in Fig.2 . With known J 0 _passivated and contact ratios, four sets of J 0 _contact values are calculated for each sample. As the linearity of the J 0 _total vs. contact opening ratio is quite good, the extracted J 0 _contact for each contact opening ratio is reasonably constant. The average value of the extracted J 0 _contact has been used in this case. Effective J 0 _contact values of 1425fA/cm 2 and 585fA/cm 2 were found respectively for boron and phosphorus diffused samples in the case of small contact points (around 20μm), whereas for large contact windows (around 200μm), the values of J 0 _contact are 815fA/cm 2 and 300fA/cm 2 respectively. The higher J 0 _contact of smaller contacts is most probably from the area around the contact with higher recombination than passivated area.
The contact resistivity measurement method used in this paper is based on a simulation method [5] . The samples are prepared as shown in Fig. 3 . The spacing between contacts is varied to get a series of total resistance values. By fitting the curve of the measured total resistance vs. contact number with the simulated result, the contact resistivity is extracted as shown in Fig. 4 . The extracted contact resistivity for screen printed metallization from large contacts is 4×10 -4 Ωcm 2 on the emitter and 3×10 -4 Ωcm 2 on the BSF. While for the small contact samples, the value is 2×10 -3 Ωcm 2 on the emitter and 2×10 -4 Ωcm 2 on the BSF.
III. SIMULATIONS AND POWER LOSS ANALYSIS
For the simulations, it was found that the approximations involved in the Quokka tool are sufficiently small for IBC cell design optimization and power-loss analysis. Quokka is capable of 3D device simulation with very short computation time, allowing for fast optimization of the device by varying the bulk lifetime, J 0 and contact resistivity. The IQE data of the short wavelength range in Fig. 6 shows an excellent passivation of the front surface of both solar cells. In longer wavelengths, the advantage of the cell with smaller contact comes from the reduced recombination on the rear side.
The reflectance data of the solar cells with different contact size in wavelength range 1100-1200nm shown in Fig. 7 indicates that the free carrier absorption is reduced due to the BSF area reduction for the cell with smaller contacts. Fig. 8 and 9 show the distribution of power loss respectively from recombination and series resistances calculated with Quokka. By reducing the contact size and optimizing the geometry of the unit cell, the recombination in the BSF region has been significantly reduced. Then the recombination in the emitter region and bulk becomes dominating. The pattern optimization for small contact cells also reduced the resistance loss of the carrier transport in the bulk and emitter.
IV. CONCLUSIONS
In this paper, we demonstrated that by using a smaller size of contact and a smaller unit cell, the IBC cell efficiency could be improved. We succeeded in fabricating IBC cells using lowcost industrial processing steps, with a maximum efficiency above 23.5% on 6 inch square n-type wafers. We believe that this result is the highest total-area efficiency reported to date for a 156mmx156mm IBC solar cell.
